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Proteos, SingaporeABSTRACT Intracellular protein levels of diverse transcription factors (TFs) vary periodically with time. However, the effects of
TF oscillations on gene expression, the primary role of TFs, are poorly understood. In this study, we determined these effects by
comparing gene expression levels induced in the presence and in the absence of TF oscillations under same mean intracellular
protein level of TF. For all the nonlinear TF transcription kinetics studied, an oscillatory TF is predicted to induce gene expression
levels that are distinct from a nonoscillatory TF. The conditions dictating whether TF oscillations induce either higher or lower
average gene expression levels were elucidated. Subsequently, the predicted effects from an oscillatory TF, which follows
sigmoid transcription kinetics, were applied to demonstrate how oscillatory dynamics provide a mechanism for differential target
gene transactivation. Generally, the mean TF concentration at which oscillations occur relative to the promoter binding affinity of
a target gene determines whether the gene is up- or downregulated whereas the oscillation amplitude amplifies the magnitude of
the differential regulation. Notably, the predicted trends of differential gene expressions induced by oscillatory NF-kB and gluco-
corticoid receptor match the reported experimental observations. Furthermore, the biological function of p53 oscillations is
predicted to prime the cell for death upon DNA damage via differential upregulation of apoptotic genes. Lastly, given N target
genes, an oscillatory TF can generate between (N – 1) and (2N – 1) distinct patterns of differential transactivation. This study
provides insights into the mechanism for TF oscillations to induce differential gene expressions, and underscores the importance
of TF oscillations in biological regulations.INTRODUCTIONA wide repertoire of diverse transcription factors (TFs) has
been observed to display oscillatory dynamics wherein their
intracellular protein levels vary periodically with time. TF
oscillations are associated with a variety of biological
processes such as circadian cycle, somite segmentation in
embryogenesis, cell cycle, and yeast glucose metabolism
(see Table S1 in the Supporting Material). Typically, the
TF oscillation period in these cellular contexts ranges
from 40 min to 24 h (Table S1). TF oscillations can also
be induced in response to specific cellular stimuli; for
instance, NF-kB oscillations upon specific receptor ligand
activation, p53 oscillations upon DNA damage, and Stat3
and Smad1/5/8 oscillations in the presence of serum (Table
S1). Interestingly, the inducible oscillatory TFs are each
involved in one or more autoregulatory transcriptional feed-
back loops in which their transcriptional activities are
inhibited by the respective target gene products. Such feed-
back loops have been proposed as a mechanistic basis for TF
oscillations (1).
Depending on the biological processes, external stimuli,
and cell types, between tens to thousands of mRNAs exhibit
oscillatory expression dynamics (see Table S1). Although
this suggests a widespread propagation of oscillatory gene
expression dynamics due to oscillatory TFs, the oscillations
are propagated to specific genes and in specific cell types.
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0006-3495/12/06/2413/11 $2.00expressed in both mouse liver and heart, only 52 transcripts
are oscillatory in both tissues and the rest exhibit oscillatory
dynamics in only one of the tissues (2). This indicates that
oscillatory gene expressions are regulated and are essential
for physiological functions. There are several well-known
examples of oscillatory gene expression and associated
cellular behavior: for instance, circadian oscillations are
required for functional electrical responses to light in the
mouse retina (3); somite segmentation oscillations are
required for proper differentiation of neuronal cells (4);
distinct differences exists between the p53 oscillation
profiles of normal and cancer-prone Bloom’s syndrome
patients’ fibroblast cells (5); and cells manifesting p53
oscillations may possess a lower death threshold upon
DNA damage (6). Furthermore, differential expression of
target genes induced by different NF-kB oscillation profiles
has been reported (7,8). This particular case truly exemplifies
the role of TF oscillations as a means for a cell to discern and
respond to different stimuli. Genome-wide oscillations of
transcription in yeast and in metabolism cycles have also
been suggested to facilitate temporal compartmentalization
and coordination of biological processes (9).
At the target gene promoter site, the temporal TF binding
occupancy mimics the oscillatory dynamics of the TF intra-
cellular concentration. Studies on NF-kB showed that the
dynamic binding occupancy of oscillatory NF-kB on its
target gene promoters tracks its oscillation profile. Specifi-
cally, NF-kB-mediated recruitment of RNA Pol II binds to
and associates to promoters of target genes (MIP-2, IkBa,
and IP-10) in a cycling manner that closely synchronizeddoi: 10.1016/j.bpj.2012.04.023
2414 Wee et al.with NF-kB oscillation profiles (7,10,11). The close tracing
between free and promoter-bound NF-kB is due to rapid
turnover of promoter-bound NF-kB by proteasomal degra-
dation, a general cellular mechanism used by numerous
TFs to regulate transcription initiation in response to
changing intracellular TF level (12–15). Similar tracing
of pulsatile glucocorticoid receptor (GR) intracellular
concentration on promoter occupancy and transcription
was also observed (16). In addition, a recent study on the
bursting kinetics of mammalian gene expression reported
that the burst frequency and size of the circadian genes
Bmal1a/b, Dbp, and Per2::luc oscillate during a circadian
cycle (17).
Despite their prevalence, the mechanisms by which oscil-
latory TFs regulate myriad key cellular processes and why
they are essential to these biological functions have not
been studied in detail. Previous studies have focused
predominantly on the elucidation of mechanisms that
produce TF oscillations (18–20). As the primary role of a
TF is in the activation of gene expression, we examined in
this study the effects of TF oscillations on gene expression.
As it is common for a TF to regulate numerous target genes
that do not necessarily participate in same biological func-
tions, we investigate whether TF oscillations affect the
expression levels of all target genes uniformly. To determine
these effects, the respective expression levels of each target
gene induced in the presence and in the absence of TF oscil-
lations were compared, under the condition that the mean
intracellular protein level of TF in both scenarios are equal.
Because of the broad variety of oscillatory TFs and the even
larger repertoire of their target genes, it is desirable to
determine the universal effects of TF oscillations on gene
expressions. Hence, five common nonlinear transcription
kinetics that apply to most TFs were studied.
For all the transcription kinetics investigated here, an
oscillatory TF is found to induce gene expression levels
that are distinct from a nonoscillatory TF, even when the
mean intracellular levels of TF in the presence and absence
of oscillations are identical. In particular, conditions that
determine whether the average gene expression levels
induced by an oscillatory TF are higher or lower than those
induced by a nonoscillatory counterpart were elucidated.
Subsequently, the predicted effects on gene expression for
an oscillatory TF, which follows sigmoid transcription
kinetics, were applied to demonstrate that oscillatory
dynamics can serve as a mechanism for differential transac-
tivation of target genes. Generally, the mean TF concentra-
tion at which oscillations occur relative to the promoter
binding affinity of a target gene determines whether the
gene is up- or downregulated, whereas the oscillation
amplitude amplifies the magnitude of the differential
regulation.
Notably, the predicted trends of differential expressions
of target genes regulated by oscillatory TFs, NF-kB, and
GR, match the reported experimental observations (21,22).Biophysical Journal 102(11) 2413–2423To address the biological function of TF oscillations, we
have analyzed the cellular consequences of p53 oscillations
induced by gamma-radiation that generates DNA damage.
Our analysis predicts that p53 oscillations prime the cell
for death via differential upregulation of apoptotic genes
and downregulation of cell cycle and DNA repair genes.
Lastly, the total number of patterns of differential gene
expressions an oscillatory TF can generate was determined.
We find that for N target genes, depending on the types of TF
transcription kinetics, between (N – 1) and (2N – 1) distinct
patterns are possible.MATERIALS AND METHODS
Analyses of transcription kinetics
For each transcription kinetics curve (transcription rate versus intracellular
TF concentration [TF]; see Fig. 1, top-left panel), the transcription rate
versus time curve (see Fig. 1, right panel) was obtained by substituting
½TF ¼ XTF þ ATF sin

2p
P
t

into the transcription kinetics curve; XTF, ATF, and P, respectively, denote
the mean intracellular TF level, TF oscillation amplitude, and TF oscillationperiod. The area under the transcription rate versus time curve for one TF
oscillation period was then obtained by Trapezium’s Rule implemented
in MATLAB Ver. 6.5, Rel. 13 (The MathWorks, Natick, MA). In the
absence of TF oscillations, ATF is set to zero and the area under the tran-
scription rate versus time curve was obtained similarly.
Nonsigmoid TF kinetics curves for analyses are generated by the math-
ematical expression
kM½TFn;
where n > 1 for positive TF binding cooperativity, n < 1 for negative
TF binding cooperativity, and n ¼ 0 for the absence of TF binding
cooperativity by the Hill function
kM½TFn
jn þ ½TFn;
where n < 1 for negative TF binding cooperativity; and by the Weibull
function1 expð½TF=AÞB ;
where B < 1.
Sigmoid TF kinetics curves for analyses were generated as follows: forthe inflection point (IP) that occurs at one-half of the maximal transcription
rate (Rmax) (see Fig. 3, left panel), the Logistic function,
kM
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and the Quadratic function,
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FIGURE 1 Analysis of transcription
kinetics with positive TF binding coop-
erativity. Depicted are the steps to
obtain the transcription rate versus
time curve (top-right panel) from the
transcription kinetics curve (top-left
panel) and the TF oscillation profile
(bottom panel). (Bottom panel) TF
oscillations approximated by a sinu-
soidal function. XTF, ATF, and P, respec-
tively, denote the mean intracellular TF
level, TF oscillation amplitude, and TF
oscillation period. [TF] denotes the
intracellular TF concentration. For a
nonoscillatory TF, [TF] ¼ XTF, the
mean level of TF oscillations. The
region demarcated as þ and – represent
the respective up- and downcycles of
an oscillatory TF. (Top-left panel)
Transcription kinetics curve with posi-
tive TF binding cooperativity. The
respective ranges of transcription rate
traversed by an up- and a downcycle
of one TF oscillation pulse are indi-
cated. (Top-right panel) Transcription
rate versus time for an oscillatory
(curve) and a nonoscillatory (line) TF. Areas demarcated as þ and –, respectively, denote regions bounded by the curve and the line. The time-averaged
transcription rate in the presence of TF oscillations was obtained by averaging the transcription rate over time and is indicated in the figure.
Oscillatory Transcription Factors 2415were used. For IP that occurs <0.5*Rmax (see Fig. 4 A, top panel), the Hill
function where n> 1 for positive TF binding cooperativity, the Generalized
Logistic function
kM
f1þ A expBð½TFCÞg1=D
;
where
1
ð1þ DÞ1=D
< 0:5;
the Weibull function, where 1 < B < 3.25, and the Gompertz function,
A expB exp
Cð½TFjÞ
, were used. For IP that occurs >0.5*Rmax (see Fig. 4 B,
top panel), the Generalized Logistic function, where
1
ð1þ DÞ1=D
> 0:5
and the Weibull function, where B > 3.25, were used.Numerical simulations
Time-course trajectories of intracellularmRNAconcentrationwere obtained
by numerical integration of the ordinary differential equation describing the
mathematical models using a modified Rosenbrock formula of order 2 that is
implemented in the MATLAB. To obtain the mean expression level of
a target gene in the presence of TF oscillations (~[M]), the area under the
mRNA time-course trajectory at steady state was obtained by Trapezium’s
Rule for one TF oscillation period, and was subsequently divided by the
TF oscillation period. On the other hand, the expression level of a target
gene in the absence of TF oscillations ([M]) was obtained from reading
the mRNA concentration from the time-course trajectory at steady state.RESULTS
The fold difference (FD) is used to compare between gene
expression levels induced in the presence to the absence
of TF oscillations, under the condition that the mean level
of the oscillatory TF is equal to the nonoscillatory TF level.
It is defined as
FD ¼  ½M½M ; (1)
where ~[M] and [M], respectively, denotes the mean gene
expression level at steady state induced in the presence
and absence of TF oscillations. Because the gene expression
rate constants in the numerator and denominator cancel out,
this facilitates the study of TF oscillation parameters on
their effects on gene expression. TF oscillations are approx-
imated by a sinusoidal function, which is a common choice
experimentally and often a good approximation physically
(23,24). XTF, ATF, and A*TF (¼ ATF/XTF) denote the mean
intracellular TF level, TF oscillation amplitude, and normal-
ized TF oscillation amplitude, respectively (Fig. 1, bottom
panel). To study the effects of TF oscillations on gene
expression, trends of FD as a function of A*TF were deter-
mined for five general nonlinear transcription kinetics.Transcription kinetics with positive TF binding
cooperativity
As depicted in Fig. 1 (top-left panel), for the case with
positive TF binding cooperativity, the gradient of theBiophysical Journal 102(11) 2413–2423
2416 Wee et al.transcription kinetics curve is increasing with TF concentra-
tion, [TF]; transcription rate here refers to the rate of mRNA
production. In this case, TF oscillations always induce higher
gene expression levels, i.e., FD > 1, as explained below.
As illustrated in Fig. 1 (top-left panel), a consequence of
the increasing gradient of the transcription kinetics curve is
that the range of transcription rates traversed during an
upcycle (þ) of a TF oscillation pulse is larger than during
its downcycle (–). Accordingly, the resultant transcription
rate as a function of time is plotted (Fig. 1, top-right panel);
the shaded line denotes the transcription rate in the absence
of TF oscillations. Note that although the TF oscillation
profile is symmetrical (Fig. 1, bottom panel), the resultant
transcription rate curve is nonsymmetric. The amount of
mRNA expressed at steady state is thus proportional to the
area under the curve. During an upcycle pulse, an oscillatory
TF expresses more mRNA than the nonoscillatory case as
area under the upcycle curve is larger than area under the
shaded line. With the same analysis, an oscillatory TF
expresses less mRNA during a downcycle pulse. In one TF
oscillation period (i.e., one up- and one downcycle pulse),
the total area under the curve is larger than the total area under
the shaded line and hence, TF oscillations express a higher
mean level of gene expression. This is because, as portrayed
in the right panel, the area enclosed by the curve and the
shaded line during an upcycle (demarcated as þ) is greater
than during a downcycle (demarcated as ), as a result of
the larger range of transcription rates traversed during an up-
cycle (top-left panel). This result can also be deduced from
the higher time-averaged transcription rate in the presence
of TF oscillations (right panel).
For the purpose of mathematical analysis, the following
transcription model with positive TF binding cooperativity
(25) was solved analytically,
d½MðtÞ
dt
¼ kM½TFðt  qMÞndM½MðtÞ; (2)



2p
FIGURE 2 Fold difference under transcription kinetics with positive TF
binding cooperativity. (A) Fold difference (FD) as a function of normalized
TF oscillation amplitude A*TF (¼ ATF/XTF) by numerical simulations.
Values of kinetic parameters used are as follows: XTF ¼ 0.01 mM, P ¼
60 min, kM ¼ 0.01 mM/min, and dM ¼ 0.01 min1. (B) A representative
time-series plot of mRNA expression levels induced by an oscillatory TF
(black) and a nonoscillatory counterpart (gray).½TF ¼ XTF 1þ ATF sin P t ; (3)
where
[M(t)] is intracellular concentration of mRNA,
kM is transcription kinetic rate constant,
dM is mRNA self-degradation kinetic rate constant,
qM is transcriptional time-delay,
n is binding cooperativity between TF and DNA
promoter site,
[TF] is TF intracellular concentration,
XTF is mean TF intracellular concentration at which
oscillations occur,
ATF is TF oscillation amplitude,
PTF is TF oscillation period, and
A*TF (¼ ATF/XTF) is normalized TF oscillation amplitude.Biophysical Journal 102(11) 2413–2423In addition to the expected result of FD> 1 (as defined in
Eq. 1), FD is found to increase with A*TF and n but is other-
wise independent of model parameters including transcrip-
tional time-delay (refer to Text S1 in the Supporting
Material for the mathematical derivation). Fig. 2 shows
the trends of FD versus A*TF at n ¼ 2 and 4 from numerical
simulations. As A*TF is increased, the range of transcription
rates traversed by an upcycle increase more than the corre-
sponding range traversed by a downcycle; this is a result of
the increasing gradient of the transcription kinetics curve.
On the other hand, the greater the extent of TF binding
cooperativity (higher n), the steeper the slope of the tran-
scription kinetics curve, and thus the larger the difference
in the range of transcription rates traversed by an up- versus
a downcycle. The transcriptional time-delay does not affect
the FD.Transcription kinetics with negative TF binding
cooperativity
As the slope of the transcription kinetics curve decreases,
TF oscillations always induce lower gene expression levels,
i.e., FD< 1. The explanation is analogous to the positive TF
binding cooperativity case (see Fig. S1 in the Supporting
Oscillatory Transcription Factors 2417Material). Intuitively, in the case of a linear transcription
kinetics curve, TF oscillations have no effect on gene
expression level, i.e., FD ¼ 1 (see Fig. S2).Sigmoid transcription kinetics
In a sigmoid transcription kinetics curve, the directionality
of its slope changes at the IP (inflection point), increasing
when XTF < XIP while decreasing when XTF > XIP
(Fig. 3 A). Therefore, XTF or the mean TF level at which
TF oscillations occur will determine whether TF oscillations
induce higher or lower gene expressions. Generally, TF
oscillations result in higher gene expression levels when
the mean TF level at which oscillations occur is below
XIP, whereas TF oscillations result in lower gene expression
levels when they occur after XIP.
For the particular case where IP occurs at one-half the
maximal transcription rate (Rmax), as depicted in Fig. 3 B,
the trends follow the positive TF binding cooperativity
case for XTF < XIP (i.e., FD > 1) and the negative TF
binding cooperativity case for XTF > XIP (i.e., 0.5 <
FD < 1 because for one-half of the period, transcription is
increased with respect to the average).
In the case where IP < 0.5Rmax, FD > 1 when XTF < XIP
(similar to Fig. 3 B, top panel). When XTF > XIP, four
distinct trends of FD versus A*TF were obtained (Fig. 4 A)
of which a minimum point of FD is manifested in the
first two trends. Interestingly, the first trend indicates that
even when XTF is fixed, as A*TF is increased, FD varies
from <1 to >1, that is, TF oscillations induce from lower
to higher gene expression.
In the case where IP > 0.5Rmax, 0.5 < FD < 1 when
XTF > XIP (similar to Fig. 3 B, bottom panel). When
XTF < XIP, four distinct trends of FD versus A*TF were
obtained (Fig. 4 B) of which a maximum point of FD ismanifested in the last two trends. The last trend indicates
that even when XTF is fixed, as A*TF is increased, FD varies
from>1 to<1, that is, TF oscillations induce from higher to
lower gene expression.
To determine whether the FD trends are valid when either
XTF is far below or far above XIP, the FDs from model simu-
lations were plotted against XTF at various A*TF (refer to
Fig. S3 and Text S2 in the Supporting Material). The plots
show that the FD (> 1) plateaus at the maximum value
when XTF is far below XIP. In contrast, the minimum value
of FD (< 1) occurs after XIP, and approaches one when XTF
is far above XIP. Furthermore, the FD trends can be used to
infer the effect on downstream transcription when an
incoming signal changes the TF oscillation profile. Specifi-
cally, the relative level of XTF to XIP determines whether
a target gene will be either up- or downregulated whereas
A*TF amplifies the magnitude of the differential regulation.
As illustrated in Fig. S3, whenXTF< XIP, FD (> 1) or magni-
tude of upregulation increaseswithA*TFwhereaswhenXTF>
XIP, FD decreases (< 1) or magnitude of downregulation
increases with A*TF. This conclusion applies except when
XTF is near XIP, where the FD trend exhibits a stationary point
(Fig. 4). The TF oscillation period, however, has no effect on
gene expression levels (Text S1 and Fig. S6 in the Supporting
Material; see results under ‘‘FD at transient’’ section).Validation of predictions against NF-kB and GR
experimental data
A corollary from the predicted effects of oscillatory TFs that
exhibit sigmoid transcription kinetics is that at any given
mean TF level (XTF) at which oscillations occur, a target
gene regulated by a promoter with high TF affinity is
more likely to obtain a lower FD than one regulated by a
low affinity promoter. This is because, as the inflectionFIGURE 3 Effects of TF oscillations
on gene expressions under sigmoid
transcription kinetics where IP ¼
0.5Rmax. (A) Transcription kinetics
curve whose inflection point (IP)
occurs at one-half the maximal tran-
scription rate (Rmax). XIP denotes the
value of [TF] at which the IP occurs.
(B) Effects of TF oscillations on gene
expressions. Distinct qualitative trends
of fold difference (FD) versus A*TF at
different ranges of XTF where TF oscil-
lations occur are depicted. The trends
were obtained from the analyses of
multiple sigmoid transcription kinetics
where IP ¼ 0.5Rmax (refer to Materials
and Methods); the trends were ex-
hibited by all transcription kinetics
analyzed. (Top panel) Trends obtained
when TF oscillations occur before IP,
i.e., XTF < XIP. (Bottom panel) Trends
obtained when XTF > XIP.
Biophysical Journal 102(11) 2413–2423
FIGURE 4 Effects of TF oscillations on gene
expressions under sigmoid transcription kinetics
where IP is not at 0.5Rmax. (A) (Top panel) Tran-
scription kinetics curve for the case IP <
0.5Rmax. (Bottom panel) Qualitative trends of FD
versus A*TF obtained when TF oscillations occur
after IP, i.e., XTF > XIP. (B) (Top panel) Transcrip-
tion kinetics curve for the case IP > 0.5Rmax.
(Bottom panel) Qualitative trends of FD versus
A*TF obtained when TF oscillations occur before
IP, i.e., XTF < XIP. The FD trends were obtained
from the analyses of multiple sigmoid transcription
kinetics where IP is either (A) < or (B) >0.5Rmax
(refer to Materials and Methods); the trends were
exhibited by all transcription kinetics analyzed.
2418 Wee et al.point (IP) of the transcription kinetics curve occurs at a lower
TF concentration (XIP) for a gene regulated by a high
affinity promoter, it is more likely for XTF to exceed XIP;
recall that FD < 1 when XTF > XIP and FD > 1 when
otherwise (Fig. 3). This corollary can be validated using
gene expression data available from two oscillatory TFs,
NF-kB, and the glucocorticoid receptor (GR), which exhibit
sigmoid transcription kinetics (26–29).
NF-kB oscillations are induced upon TNF-a stimulation
whose target genes are involved in inflammation, immune
response, and anti-apoptosis (11). Ten target gene expression
levels were reported in the presence (upon stimulation with
TNF-a) and absence (upon costimulation with TNF-a and
CHX) of NF-kB oscillations for 3 h at 30-min intervals
(21). To allow for steady state, the FD of each gene was
computed at the last time-point (tabulated in Table S2 A
and Text S3 A in the Supporting Material). As the NF-kB
to promoter binding affinities of most of the genes are not
available, their relative affinities are inferred from their
response times and average expression levels induced in
the absence of oscillation (see Table S2 A and Text S3 A in
the Supporting Material). Genes regulated by a low affinity
promoter are reported to respond later and are expressed at
lower levels than genes regulated by a high affinity promoter;
see Fig. S4 and Text S4 in the Supporting Material for target
genes of NF-kB (p-value ¼ 0.00825; Text S5 E in the
Supporting Material) and GR, and refer to Inga et al. (30)
for p53. As shown in Fig. 5 A (left plot), FDs of eight genes
correlatewith their expression levels in the absence ofNF-kB
oscillations as predicted. That is, FD decreases when expres-Biophysical Journal 102(11) 2413–2423sion level or equivalently, when promoter affinity increases
(p-value ¼ 0.0000721; see Text S5 A in the Supporting
Material). In addition, FDs of eight genes correlate with their
response times as predicted (Fig. 5 A, right plot). That is, FD
decreases when response time shortens (from late, to inter-
mediate, and to early responsive genes) or equivalently,
when promoter affinity increases (p-value ¼ 0.000711; see
Text S5 B in the Supporting Material).
GR oscillations are induced by periodic stimulation with
its corticosterone ligand. FDs of 15 target genes were
derived similarly from reported experimental data (22);
refer to Table S2 B and Text S3 B in the Supporting
Material. As shown in Fig. 5 B (left plot), FDs of 10 genes
correlate with their average expression levels in the absence
of GR oscillations (upon stimulation with constant level of
corticosterone) as predicted. That is, FD decreases when
average expression level or equivalently, when promoter
affinity increases (p-value ¼ 0.000328; see Text S5 C in
the Supporting Material). In addition, as depicted in Fig. 5 B
(right plot), 14 target genes can be classified whereby genes
whose FD < 1 (unshaded points) are expressed at higher
levels or equivalently, have higher promoter affinities than
genes whose FD > 1 (black points) (p-value ¼ 0.00234;
see Text S5 D in the Supporting Material).
The correlation results indicate that FD anti-correlates
with promoter binding affinity. This has two biological
consequences:
First, an oscillatory TF preferentially upregulates genes
with low promoter affinities whereas it preferentially down-
regulates genes with high promoter affinities. Indeed, this
FIGURE 5 Validation and predic-
tions using experimental NF-kB, GR,
and p53 oscillations data. (A and B)
Correlation studies using published
NF-kB and GR experimental data to
validate the predictions from the anal-
yses. Connected data points denote
target genes that fit the correlation;
refer to Table S2 and Text S3 in the
Supporting Material on the tabulation
and derivation of the data points. For
details on how the p-values were ob-
tained, refer to Text S5 in the Support-
ing Material. (A) NF-kB. (Left plot)
Expression levels at time ¼ 3 h upon
TNF-a þ CHX stimulation (i.e., in
the absence of NF-kB oscillations) of
eight target genes correlate with their
FDs (sorted in descending order on
the horizontal axis). (Right plot) FDs
of eight target genes correlate with their
response times (sorted from Late, Inter-
mediate, to Early on the horizontal
axis). Genes with the same response
types were further sorted in ascending
order of their expression levels at
time ¼ 3 h. (B) GR. (Left plot) Average
expression levels under constant level
of corticosterone stimulation (i.e., in
the absence of GR oscillations) of 10
target genes correlate with their FDs
(sorted in descending order on the hori-
zontal axis). (Right plot) Fourteen
target genes can be classified whereby
genes whose FD < 1 (unshaded points)
are expressed at higher levels than
genes whose FD > 1 (black points); the broken line bifurcates the range of expression levels from the two groups of genes. (C) Predicted FDs of p53 target
genes. Genes are arranged in descending order of their promoter binding affinities. Refer to Table S3 and Text S6 in the Supporting Material on the tabulation
and derivation of the data points. (A, apoptotic genes; AA, anti-angiogenesis genes; CC, cell cycle genes; and DNA, DNA repair genes.)
Oscillatory Transcription Factors 2419balancing act of gene expression in the presence of NF-kB
oscillations has been reported by Sung et al. (21). They
highlighted that limiting the expression of cytokines and
chemokines, which have high promoter affinities, is impor-
tant in various signaling contexts as their overproduction
would be dangerous.
Second, when TF oscillations lead to upregulation, genes
with relatively lower promoter affinities are upregulated at
higher folds than genes with relatively higher promoter
affinities.p53 oscillations is predicted to prime a cell
for death upon DNA damage
p53 activates many genes that impinge on cell cycle arrest,
DNA damage repair, apoptosis, and anti-angiogenesis (31),
and is the most frequently mutated or inactivated tumor
suppressor gene in human cancers. As binding affinities of
various target gene promoters have been measured (see Table
S3 and Text S6 in the Supporting Material), we can predict
their FDs using p53 oscillation profiles estimated from exper-iments (32).As shown in Fig. 5C, in the presence of p53 oscil-
lations, all the differentially upregulated genes (i.e., FD > 1)
are involved in apoptosis; this is a consequence of low
promoters’ affinities of these apoptotic genes. Therefore,
a predicted role of p53 oscillations is to prime the cell for
apoptosis. Interestingly, p53 oscillations are observed thus
far in specific dividing cell types upon ionizing radiation
(1,33–35), i.e., such cells are less tolerant of DNA damage
generated by irradiation, and given that DNA repair genes
are differentially downregulated (FD < 1) (Fig. 5 C), they
are more likely to undergo cell death than to repair the DNA
and risk propagating the damaged genome to daughter cells.FD at transient
The time evolution of NF-kB target genes’ FDs was derived
from available experimental data (21), which are listed in
Table S4 and depicted in Fig. S5. Most of the FDs differ
considerably from the value of one at 1 h post-TNF-a stim-
ulation and by 2 h (or approximately one NF-kB oscillation
period later), they are approaching steady state, except forBiophysical Journal 102(11) 2413–2423
2420 Wee et al.FDs of late responsive genes Rantes and IL-15. In addition,
the transcription model (Eq. 2) was used to investigate
whether the time required for gene expression levels to
reach steady state, which is determined predominantly by
the TF oscillation period and the mRNA’s degradation
rate, affects the transient FDs. The transient FD versus
number of TF pulses elapsed was obtained when either TF
oscillation period was varied from 1 to 24 h (see Fig. S6 A
for FD > 1; Fig. S6 B for FD < 1), or when mRNA degra-
dation rate was varied from 0.1 to 0.0001 min1 (Fig. S7 A
for FD > 1; Fig. S7 B for FD < 1). Similar to the transient
FDs observed in NF-kB target genes, they approach their
respective long time average values after one TF pulse has
elapsed, regardless of the time taken for the expression level
to reach steady state. These observations indicate that the
effects on gene expression levels occur early upon the
manifestation of oscillatory TF dynamics spanning from
ultradian to circadian biological contexts.DISCUSSION
Effects of TF oscillations on gene expression were studied
on five general nonlinear transcription kinetics (Figs. 1–3
and Fig. S1). For each case, trends of fold difference (FD,
as defined in Eq. 1) as a function of A*TF (normalized TF
oscillation amplitude) were obtained to compare gene
expression levels, induced in the presence of TF oscillations,
to the case where there is no TF oscillation, under the condi-
tion that both the oscillatory and nonoscillatory TF have
identical average intracellular levels. Notably, TF oscilla-
tions induce distinct levels of gene expression. In particular,
sigmoid transcription kinetics leads to multiple distinct
trends of FD (Figs. 2 and 3). Generally, the mean TF
concentration at which oscillations occur relative to the
promoter binding affinity of a target gene determines
whether the gene is up- or downregulated whereas the oscil-
lation amplitude amplifies the magnitude of the differential
regulation.Biophysical Journal 102(11) 2413–2423These effects were applied to predict the respective trends
of differential expressions of oscillatory NF-kB and GR
target genes, and were found to match experimental obser-
vations. Furthermore, the biological role of TF oscillations
is examined using p53 as a case study. Specifically, a
predicted function of p53 oscillations is to prime the cell
for apoptosis upon DNA damage. In contrast, only one
distinct trend is observed for nonsigmoid transcription
kinetics (Fig. 1 and see Fig. S1). TF oscillations always
induce higher levels of gene expression than in the absence
of oscillations, when TF binding cooperativity is positive.
When TF binding cooperativity is negative, TF oscillations
always induce lower levels of gene expression. However, TF
oscillations have no effect on gene expression level when
transcription kinetics is linear (see Fig. S2).
For TFs whose target genes are involved in disparate bio-
logical functions, the ability to execute differential transac-
tivation in response to specific cellular stimulation is crucial.
As discussed above, the multiplicity of effects generated by
an oscillatory TF that follows sigmoid transcription kinetics
could provide the mechanism for differential transactivation
of target genes. It is thus perhaps not coincidental that oscil-
latory NF-kB, GR, and p53, which transactivate myriad
target genes, all exhibit sigmoid transcription kinetics
(26–29,31,36). Therefore, it is useful to generalize the total
number of possible differential gene expression patterns that
could be generated from an oscillatory TF.
The specific pattern of differential gene expression is
dictated by the mean level of TF at which oscillations occur
(XTF, Fig. 1, bottom panel). As an illustrative example,
consider three NF-kB target genes, TNF-a, VCAM, and
Rantes (in decreasing order of promoter binding affinities),
and assume that the inflection point of the NF-kB transcrip-
tion kinetics curve occurs at half the maximal transcription
rate i.e., IP ¼ 0.5Rmax (Fig. 3). As portrayed in Fig. 6 A,
there are four numerical ranges of XTFwhere TF oscillations
result in distinct pattern of FDs among the three genes. At
XTF < XIP,TNFa, for instance, no differential transactivationFIGURE 6 Patterns of differential gene expres-
sions. (Left panel) Sigmoid transcription kinetics
curves of NF-kB target genes TNF-a, VCAM, and
Rantes (in decreasing order of promoter binding
affinities). (Right panel) Ranges of XTF where TF
oscillations result in distinct pattern of differential
gene expression patterns among the three genes
(shaded regions). (A) The inflection points of the
transcription kinetics curves occur at XIP ¼
0.5Rmax. (B) Hill-type transcription kinetics, i.e.,
the inflection points occur at XIP < 0.5Rmax.
Oscillatory Transcription Factors 2421occurs because all genes are expressed higher than in the
absence of NF-kB oscillations (i.e., FD > 1). At XIP,TNFa <
XTF < XIP,VCAM, however, TNF-a is differentially downre-
gulated (FD < 1) whereas both VCAM and Rantes are up-
regulated (FD > 1). This is because the gradient of the
transcription kinetics curve is decreasing for TNF-a but
are increasing for both VCAM and Rantes. Therefore,
differential transactivation occurs when TF oscillations
manifest at XTF wherein not all target genes have the same
sign in the second derivatives of their respective transcrip-
tion kinetics curves. In fact, for N target genes regulated
by an oscillatory TF with IP ¼ 0.5Rmax, (N – 1) distinct
differential gene expression patterns are possible. For N ¼
3, two such patterns are present (shaded regions in Fig. 6 A).
TF oscillations can generate even more differential gene
expression patterns when the inflection point of the sigmoid
transcription kinetics occurs away from half of the maximal
transcription rate (Fig. 4). Consider again the three NF-kB
target genes and assume that NF-kB now follows Hill-type
transcription kinetics (25,37,38), i.e., IP < 0.5Rmax (Fig. 4
A). As shown in Fig. 6 B, there are five numerical ranges
of XTF where TF oscillations result in distinct differential
gene expression patterns (shaded regions). The additional
patterns are contributed by the possibility to attain
FDz 1 for XTF > XIP (i.e., TF oscillations have no effect)
due to the first FD versus A*TF trend depicted in Fig. 4 B.
For N target genes, a total of (2N – 1) distinct differential
gene expression patterns are possible. The same number
of distinct differential gene expression patterns is also
obtained for the case where IP > 0.5Rmax (see Fig. S8).
Because an oscillatory TF could exhibit sigmoid transcrip-
tion kinetics with different IP magnitudes to each of its
target genes, the total number of distinct differential gene
expression patterns possible is between (N – 1) and (2N – 1)
inclusively; transcription kinetics curves of GR target genes,
for instance, have different IPs (27–29).
In summary, the capacity of an oscillatory TF to differen-
tially transactivate genes originates from its ability to induce
distinct levels of gene expression (as compared to a nonoscil-
latory counterpart), which is a consequence of both the
inherent nonlinearity in the transcription kinetics and the
TF’s differential binding affinities for the promoters of
target genes. The extent of nonlinearity is contributed by
the TF binding cooperativity, a common biological phenom-
enon (26,39). For instance, the genomic organization of
most functional p53 DNA binding sites is dominated by
the need for cooperative interactions (36,40). Also, GR
binding to DNA is highly cooperative (28,41). On the other
hand, although TFs generally have a consensus binding
sequence to the promoters of its target genes, specific
sequence variations are common among target genes. These
variations, albeit subtle, can cause significant differences in
their relative binding affinities; for instance, NF-kB binding
affinities range from pM to nM (42,43) and p53 binding
affinities range from nM to mM (31). Therefore, it is likelythat the effects on gene expression predicted here are gener-
ally applicable to most oscillatory TFs. Hence, in addition
to genetic, epigenetic, and cellular factors such as the avail-
ability of cofactors, the chromatin organization of the gene
locus and post-translational modifications of TFs, oscilla-
tory dynamics of TF adds to the arsenal of mechanisms
for differential transactivation.
In conclusion, our results indicate the existence and
plausibility of important biological implications of TF oscil-
lations for gene expression. Given the prevalence of oscilla-
tory TFs and the myriad key biological processes that they
and their target genes impinge on, illuminating the effects
of TF oscillations on gene expression can aid understanding
of their regulatory roles in biological processes.SUPPORTING MATERIAL
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